Lipid-polymer hybrid (LPH) nanoparticles can deliver a wide range of therapeutic compounds in a controlled manner. LPH nanoparticle syntheses using microfluidics improve the mixing process, but are restricted by a low throughput. In this study we present a pattern-tunable microvortex platform that allows mass production and size control of LPH nanoparticles with superior reproducibility and homogeneity. We demonstrate that by varying flow rates (i.e. Reynolds number (30∼150)) we can control the nanoparticle size (30∼170nm) with high productivity (∼3g/ hour) and low polydispersity (∼0.1). Our approach may contribute to efficient development and optimization of a wide range of multicomponent nanoparticles for medical imaging and drug delivery. Biodegradable, drug-encapsulated polymeric nanoparticles can be synthesized using established methods such as nanoprecipitation 1, 2 . Nanoprecipitation techniques vary nanoparticle design parameters to adjust the physicochemical features such as drug loading and nanoparticle stability, as well as biological features such as cellular specificity [3] [4] [5] [6] . However, conventional bulk techniques, which involve dropwise addition of polymers in an organic solution to a water-based solution, have faced critical challenges that include poor reproducibility, polydisperse size distribution, and batch-to-batch variations in nanoparticle physicochemical properties [7] [8] [9] . These problems mainly result from the inability to control the mixing processes required for nanoparticle syntheses because bulk methods involve macroscopic mixing of precursor solutions although their microscale interactions determine nanoparticle formation and characteristics 10, 11 . Highly controlled microscale mixing processes that can produce targeted nanoparticles with optimal physicochemical properties are needed.
Biodegradable, drug-encapsulated polymeric nanoparticles can be synthesized using established methods such as nanoprecipitation 1, 2 . Nanoprecipitation techniques vary nanoparticle design parameters to adjust the physicochemical features such as drug loading and nanoparticle stability, as well as biological features such as cellular specificity [3] [4] [5] [6] . However, conventional bulk techniques, which involve dropwise addition of polymers in an organic solution to a water-based solution, have faced critical challenges that include poor reproducibility, polydisperse size distribution, and batch-to-batch variations in nanoparticle physicochemical properties [7] [8] [9] . These problems mainly result from the inability to control the mixing processes required for nanoparticle syntheses because bulk methods involve macroscopic mixing of precursor solutions although their microscale interactions determine nanoparticle formation and characteristics 10, 11 . Highly controlled microscale mixing processes that can produce targeted nanoparticles with optimal physicochemical properties are needed.
Continuously focused laminar flows in microfluidics (e.g. two-dimensional (2D) hydrodynamic focusing 12 ) have been used to synthesize a diversity of micro/ nanoparticles [13] [14] [15] [16] [17] . In these approaches, lateral diffusive dispersion across the interface of parallel streams flowing alongside in microfluidics induces relatively controlled mixing of nanoparticle precursors compared to conventional bulk methods. For example, an approach to controlled synthesis of PLGA-PEG polymeric nanoparticles, which has the ability to regulate single-step nanoprecipitation, was developed for nanoparticle-facilitated drug delivery 10 . This approach has been advanced using three-dimensional (3D) focusing flow patterns to prevent localized PLGA aggregation near the polydimethylsiloxane (PDMS) microfluidic channel walls 18 . While these approaches have provided significant advantages, there still remain challenges. First, these microfluidic approaches using slow diffusive mixing at a low flow rate (i.e. a low Reynolds number, a ratio of inertial to viscous forces; see Supporting Information) are basically limited to low productivity without complicated fabrication for high-throughput platforms. Second, diffusive mixing does not allow the development of particles that require the assembly of precursors (e.g. lipid) in the aqueous phase with precursors (e.g. polymer) in the organic phase such as lipid-polymer hybrid nanoparticles. Third, large-scale nanoparticle production using slow passive mixing requires long storage of the produced nanoparticles with organic solvent (e.g. acetonitrile), which may cause unnecessary polymer aggregation or undesired variations in physicochemical properties 4, 5, 19 .
To overcome these challenges and obtain a high-throughput and reproducible nanoparticle synthesis technology, rapid mixing of nanoparticle precursors is required and the mixing process needs to be highly controlled. A diverse range of inertial microfluidic platforms have been designed for rapid convective mixing, 3D focusing patterns, and dynamic particle manipulation [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Recently, it has been demonstrated that rapid mixing in a Tesla-type microfluidic structure results in improved formation of lipid-polymeric nanoparticles 19 . However, high-throughput nanoparticle synthesis with high reproducibility still remains a challenge. In the current study, we develop a controllable microvortex platform for the synthesis of LPH nanoparticles with high productivity and reproducibility. We predict and manipulate 3D fluid flow patterns in the microfluidic channel to regulate tunable microvortex formation for rapid mixing and controlled nanoprecipitation. We demonstrate that, by varying microvortex patterns with defined polymer-lipid compositions and concentrations, we can control and optimize the nanoparticle size. LPH nanoparticles were synthesized by rapidly mixing an organic solution of PLGA (polymer) dissolved in acetonitrile in the central inlet and a 4% ethanol aqueous solution containing lecithin (lipid) and DSPE-PEG (lipid-PEG) in the outer inlets in a single layer, 3-inlet microfluidic channel, which generated microvortices at a relatively higher Reynolds number regime (Re∼75) than used in conventional microfluidics (Re∼1) (Figure 1a , 1b and S1; for detailed device specification and Reynolds number calculation see Supporting Information). The nanoparticles synthesized in the microvortices have a polymeric core of PLGA and a lipid corona of lecithin and DSPE-PEG ( Figure 1c) 4, 5 . These hybrid nanoparticles combine the unique strengths of liposomal and polymeric nanoparticles while overcoming their limitations in terms of drug encapsulation efficiency and storage stability. Compared to pure PLGA-PEG nanoparticles 10, 18 , these lipid-polymer hybrid nanoparticles exhibit a higher drug loading and slower drug release [3] [4] [5] [6] .
Symmetric microvortices are created at the intersection of the three inlets (Figure 1a and S2), where the upstream profiles show the inner shapes of two symmetric microvortices, which results in rapid mixing of polymer and lipid (Figure 1b ; see plane 1 and 2), while the downstream patterns exhibit 3D diamond-like focusing patterns that can prevent polymer aggregation near the channel walls, preventing the channel from clogging ( Figure 1b ; see plane 3 and 4). The use of microvortices enabled up to 1000 times higher productivity than previous approaches using diffusive mixing 10 and convective mixing 19 (Figure 1d ). Nanoparticle productivity achieved in this microfluidic device was given as a function of the flow rate (i.e. the Reynolds number) and the PLGA concentration (Table 1 and Figure S3 ; for detailed experimental conditions see Supporting Information). The size of LPH nanoparticles was controlled by varying the Reynolds number ( Figure 1e , 1f, and 1g), while maintaining the other parameters constant. Nanoparticle imaging and size measurement were performed after a previously reported purification process 4, 5 (see Supporting Information).
We investigated the nanoparticle size by varying the Reynolds number (30, 75 , and 150) while maintaining constant PLGA-to-lipid weight ratios of 5, 10, 25, 50, and 100 ( Figure  2a) . We simulated and predicted desired flow patterns using computational fluid dynamics (CFD) and visualized them with a stereo-microscope (for details see Supporting Information), which demonstrated various flow patterns including controlled microvortices at Re=3, 30, 75, and 150 with three different flow rate ratios of 1:5, 1:10, and 1:20 ( Figure  S5 ). We observed that an increase in the Reynolds number results in a decrease in the nanoparticle size at the given PLGA-to-lipid ratio. For example, the variation of the Reynolds number from 30 to 150 with a PLGA-to-lipid ratio of 10 resulted in a size decrease from 93 to 55 nm (Figure 2a ; see Table S1 ). This illustrated that by varying flow rates in our microvortex platform the nanoparticle size could be reliably controlled, while keeping the same polymer-lipid composition. We also observed that this size control is less predictable and controllable at both high and low PLGA-to-lipid ratios (Figure 2a) . A minimal size of 20 nm was achieved at a ratio of 5 with high Reynolds numbers (Re=75 or 150). Increasing the PLGA-to-lipid ratio to 100 resulted in an increased nanoparticle size at a Reynolds number of 30, where the microvortex patterns are not strong enough to mix the excessive polymer with lipid efficiently. This size map indicated that varying these two parameters could produce the nanoparticles in a size range of 30 to 170 nm. This size range of the nanoparticle can be extended by varying the design parameters of the device or the polymer-lipid compositions. In this study, we have targeted the nanoparticle size between 50 and 150 nm, which may be an ideal range for stable and biologically relevant nanoparticles 3, 6 .
Simulation of the flow patterns demonstrated that convective mixing between polymer and lipid is not dominant enough for nanoparticle synthesis at lower Reynolds number (Re=3) due to underdeveloped microvortex patterns, whereas the higher Reynolds numbers (Re>30) provide strong and rapid convective mixing ( Figure S5) . We compared the variation of the nanoparticle size with the patterns of the microvortices (Figure 2b and 2c) . Underdeveloped microvortex did not completely mix the polymer and lipid at Re=30, which can cause aggregation at higher polymer concentrations, resulting in wide nanoparticle size distributions. In contrast, rapid convective mixing by microvortices (Re=75 or 150) resulted in narrow size distributions. Moreover, it was observed that the size changes were more sensitive to the Reynolds number than the polymer-lipid compositions, indicative of the importance of the mixing speed (i.e. Reynolds number). The abrupt decrease in the size at the PLGA-to-lipid ratio of 5 can be explained by precluded polymer aggregation as a result of excessive lipid, as previously reported 4, 5 . This result illustrates that LPH nanoparticles rapidly synthesized in the microvortex platform not only have similar characteristics to those assembled in bulk approaches, but also exhibit similar physicochemical properties, which can be readily controlled with simple flow rate changes, without the need for adjusting polymer-lipid compositions.
To gain more insight into the role of microvortex patterns in nanoparticle formation we varied the flow rate ratios of [PLGA stream] to [outer lipid streams] while varying the Reynolds number as well (Figure 3) . Changing flow rate ratios from 1:10 to 1:20 did not appear to have a notable effect on the nanoparticle size at PLGA-to-lipid ratios of 10, 25, and 50 (Figure 3a) , indicating that nanoparticle assembly relied on well-developed microvortices. As demonstrated above (Figure 2 ), an increase in the PLGA-to-lipid ratio at a constant flow rate ratio led to an increase of nanoparticle size (Figure 3b ) at all the flow rate ratios, but this increase was higher at the flow rate ratio of 1:5 ( Figure 3b ) where microvortex patterns were not well developed due to relatively higher portion of the central stream in this microfluidic dimension (Figure 3c ). This high sensitivity of the size to the PLGA-to-lipid ratio was also noted at the low Reynolds number (Re=30) (Figure 3a and 3b) where the inertial forces were not strong enough to fully develop the microvortex patterns (Figure 3c ). This resulted in larger nanoparticles, which can be explained, in part, by polymer aggregation and poor mixing (Figure 3c ). We found that the optimal range of the flow rate ratios in this device is between 1:10 and 1:20 for high performance of nanoparticle syntheses.
To examine the performance of nanoparticle syntheses by a conventional bulk method 4, 5 and our microvortex approach, we compared the nanoparticle size (Figure 4a ), polydispersity (Figure 4b) , and average size distribution (Figure 4c and 4d) using PLGA-tolipid ratios of 10, 25, and 50. These approaches demonstrated a similar increase in nanoparticle size when the PLGA-to-lipid ratio was increased (Figure 4a) . However, the synthesis by the conventional bulk method produced larger nanoparticles (80 to 120 nm; see Figure 4a and 4c) than those by our microvortex approach (Re=150) (55 to 80 nm; see Figure 4a and 4d). The bulk synthesis method resulted in nanoparticle batches that were characterized by a much wider size distribution that had multiple peaks and higher polydispersity (∼0.2) (Figure 4b and 4c) . In contrast, our approach using microvortexinduced rapid mixing resulted in a relatively narrow size distribution that had lower polydispersity (∼0.1) (Figure 4b and 4d) . This monodisperse nanoparticle fraction produced by the microvortex platform represented more than 85% of their overall volume for all PLGA-to-lipid ratios, except at 5 ( Figure S4 ). We note that the free lipids were removed by the purification process and did not significantly affect the size (distribution) of the main LPH nanoparticle formation because rapid convective mixing in the self-assembly of LPH nanoparticles induces uniform lipid and lipid-PEG coverage around polymeric cores 19 .
In this study, we demonstrated that LPH nanoparticles can be produced up to 1000 times faster than conventional microfluidic diffusive syntheses. The particle size can be readily controlled with simple changes of flow rates in our microvortex platform. We predicted a desired range of Reynolds numbers (30∼150) that can generate and control the patterns of microvortices, and identified an optimal input ratio of the precursors. As compared to conventional approaches, our methodology resulted in an improved reproducibility and homogeneity (polydispersity of ∼0.1) of the nanoparticle batches. High productivity (3g/ hour) and size control (30∼170nm) are prerequisite for drug nanoparticle formulations to be employed for in-vivo applications. Our approach can facilitate good manufacturing practice (GMP) production and clinical translation.
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